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Here we report high-resolution, electron energy loss (EELS), UV-
photoemission (UPS) and thermal desorption spectroscopic (TDS) results
for pyridine chemisorbed on a clean Ag(111) surface from which we
determine its molecular vibrations as well as its orientation on the surface.
We find that pyridine exhibits reversible, weak chemisorption on Ag(111)
and is m-bonded for coverages up to 3 x 10!4 molecules/cm2. Increased
coverage leads to a structural phase transformation where nitrogen-lone-
pair bonding occurs and the molecule becomes inclined (~ 55°) to the
surface and rotated (~ 30°) about the molecular C,, symmetry axis. This
compressed structure is more weakly bound to Ag(111) than the m-bonded
phase and saturates at coverages of ~ 5 x 10!4 molecules/cm2. Such
complex bonding and orientational effects have not been observed in
previous studies of adsorbed pyridine [1-3] and are important for under-
standing the nature of surface enhanced Raman scattering for pyridine on

Ag as observed in electrochemical [4] and ultra-high vacuum studies [5].

The experimental measurements were performed in two separate ultra-
high vacuum (UHV) systems (pressure < 1 x 10-10 Torr). The first (turbo-
molecular pumped) system described elsewhere [6] allows UPS, low-energy
electron diffraction (LEED), Auger (AES) and TDS to be performed while
the second (ion- and titanium-sublimator-pumped) system permits EELS
and work function change measurements. The electron optics for EELS
consists of two sets of 2.5 cm hemispherical deflection analyzers with
associated focusing optical elements [7] so as to allow the monochromatiza-
tion, reflection from a sample (total scattering angle of 90°) and energy
analysis of a well-defined (< 0.2 mm dia.), collimated (<1°), low-energy
(2-100 eV) electron beam. For the specular reflection of a 3 eV beam off
of Ag(111), we have routinely obtained a total system resolution of 65-75
cm-! (8-9 mV) with peak counting rates of 10¢ Hz. Although both the

monochromator and analyzer are in fixed position, the sample rotation is
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arranged so as to enable the observation of specular (8 ,, = 8 _,,) as well as

off-specular (6 ;, # 8 ,,) scattering events in the plane of incidence.

The Ag(111) surface was prepared by standard mechanical [6] and
chemical polishing (8], then annealed and sputter cleaned as determined by
AES. This clean, well-ordered Ag(111) sample was then inserted into the
EELS system where further sputter cleaning and annealing was performed.
Work-function change measurements performed in both UHV systems as
well as EELS spectra served to verify surface cleanliness in the HREEL
system. The final clean samples were mirror smooth and showed minimal
optical defects or irregularities. All chemisorption experiments in the EELS
system were done at temperatures of ~ 140K as monitored by a chromel-
alumel thermocouple. UPS measurements were performed at temperatures

down to 80 K.

Reagent grade pyridine (99.9%) and ds-pyridine (99 atom % D) were
used in these experiments. Sample dosing was done via the chamber
ambient and directly monitored with an ion gauge. (All exposures cited
here are in Langmuires, L (1L=10% Torr-sec) and have been corrected by a
gauge factor of 5.8 [9].) The dosages required to produce both the com-
pressional phase and first physisorbed layers were identical in both UHV

systems.

Our results indicate that a structural phase transformation occurs for
chemisorbed pyridine on Ag(111) at an exposure of ~ 0.5L. In Fig.1 we
show the EELS vibrational loss spectra of ds-pyridine before (solid line)
and after (dotted line) this transition. Here, the relative intensities of the
CH deformation modes between 360-820 cm-! strongly change, especially
when compared to the relative IR-absorbances [10,11] also shown in Fig.1.
This transition is more striking for normal pyridine C{H(N as shown in Fig.

2 for the chemisorption regime (< 1L exposure). For normal pyridine the
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CH deformation modes at ~ 600 and 700 cm are clearly separated. Also,
the strong decrease in intensity of the ~ 700 cm-! feature above 0.5 L
exposure indicates that at least 93% of the lower coverage phase converts
to a new structure. The vibrational frequencies for both phases are identi-

cal within our experimental uncertainties of + 5 cm-!.

In order to obtain structural information from the loss spectra of
chemisorbed pyridine on Ag(111), we must assign the observed vibrations.
At the onset such an assignment would seem formidable based upon the
relatively poor resolution of EELS and the fact that pyridine is of low
symmetry and has 27 IR-active modes [12]). Fortunately, we find that we
can straight forwardly assign most all the observed vibrational losses since
(a) only a fraction of the 27 free-molecule modes have significant dipole
scattering cross sections (i.e., IR absorbances {10,11], see Fig.1) and (b) all
the vibrations we observe are weakly perturbed (Avavg = + 6 cm-') relative
to liquid pyridine. In Table I, we list the observed vibrational losses for
normal and deuterated pyridine as well as the vibrations for liquid pyridine
with absorbances, A greater than ~ 1% of the largest value [10,11]. The
symmetry class and mode number as designated by Long and Thomas [12]
are also indicated. Comparisons between normal and deuterated pyridine
as well as the corresponding relative intensities help in our identification
and assignments. We also interpret the 700 cm-! loss for low coverages of
deuterated pyridine as a combination band of »,, and the pyridine-metal-
stretching vibration (PM) since »,, is very intense and has a symmetry
which will allow coupling. The resulting (deuterated) pyridine-metal
vibration of ~ 175 cm-! is also in agreement with that observed for normal
pyridine (~ 200 cm-!) and observed in other pyridine-metal compounds
(13]. Interestingly, we see no evidence for the presence of r, . a rather
strong IR mode but which has extremely asymmetric deformation motions.

This is true for v, which is also not observed. Finally, we cannot assign




-5

(a) which CH-stretching modes we observe due to our limited resolution,
nor (b) the character of the 1220 or 1570 cm-! losses for normal pyridine.

Fortunately, these last ambiguities play no role in our structural analysis.

From our assignments in Table I, the observed coverage-dependent
changes in the loss spectra of Fig.2 near ~ 0.5 L are associated with a
reduction in the intensity of the out-of-plane CH-deformation modes at ~
400 and 705 cm-! and an increase in the in-plane CH-deformation mode
near 610 cm-! (and similarly for ds-pyridine in Fig.1). By comparing the
relative intensities of these in-plane and out-of-plane modes and relating
them to the 'structurally-averaged" dipole-scattering intensities (i.e.,
IR-absorbances) of liquid pyridine, we can determine the molecular orienta-
tion. Here, we exploit the dipole-scattering mechanism for specular elec-
tron scattering [14] and assume the surface selection rule that only the
normal components of these modes will be observed in EELS [15]. For
pyridine inclined at an angle 0 to the surface, the loss intensities for in-

plane (I;,) and out-of-plane (I,,,) deformation modes are related by

A
4

Iin
1 ,

out

n ean @ =

out

where A is the IR absorbance and we assume a constant transmission
function for our spectrometer [16]. Applying this relation to the out-of-
plane deformation modes v, and v,, and the in-plane deformation mode »,
we determine averaged angles of ~ 5+3° at low coverages (< 0.4 L) and ~
57+3° at higher coverages (0.6-0.8 L). For these higher coverages we
have assumed that the structural conversion is complete. This assumption
turns out to be consistent with the resulting geometry which provides (a)
the correct relative saturation coverages of both phases and (b) the pro-
posed intermolecular stabilization mechanism as discussed later. Based

upon our UPS results (to be described) as well as other chemical arguments
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and results [1,2], this strongly-inclined phase has the nitrogen end of the

molecule directed into the surface.

For exposures above 0.5 L we also find another in-plane deformation
mode at 1440 cm-! (1305 cm-!, ds-pyridine) which also becomes EELS
active. This mode turns out to have net motions almost completely perpen-
dicular to the C,, symmetry plane of the molecule. Again, considering the
surface-selection rule [15], leads us to conclude that the molecule is rotated
about the C,, symmetry axis. Applying the aforementioned intensity
analysis to v,, and »,, gives rotational angles of 24° and 40° for normal
and deuterated pyridine, respectively. These rotations also change the
determined angles of inclination, but only slightly, to 53° and 48° respec-
tively, since v, has little net motions parallel to the C,, symmetry axis.
This leads us to estimate a rotational angle of ~ 30° and an inclination
angle of 55° + 5°, respectively. From our off-specular scattering data, we
have also estimated an upper limit for non-dipole scattering which does not
significantly alter these values.. However, we have excluded the losses at ~
1000 and 1570 cm-! for normal pyridine (and the corresponding losses for
deuterated pyridine) in our intensity analysis as they appear to have strong

contributions from non-dipole scattering [17].

Our UPS spectra (hyr = 21.2 eV) are also consistent with a coverage-
dependent reorientation of pyridine on Ag(111). In Fig.3 we summarize
difference spectra obtained in the low and high coverage regimes of chemi-
sorbed pyridine as well as for condensed pyridine and gaseous pyridine
[18]. Here, we show only the orbitals which correspond to gas phase
ionization potentials of less than 12 eV since the higher-lying (7,,7,.n)
orbitals of chemisorbed pyridine overlap the Ag(111) d-band emission and
cannot be resolved with certainty. The character of the ground-state
orbital(s) associated with each ionization level is labeled {19] according to

the level ordering (20]. The overall displacement in level positions (dotted

e e -
T .
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lines in Fig.3) for exposures above 1 L is associated with differences in
relaxation and initial state polarization shifts for condensed versus chemi-
sorbed species and indicates that all pyridine below this exposure must be
chemisorbed [21]. After considering a uniform relaxation shift [21], the
ionization levels of condensed and gaseous pyridine are nearly identical
whereas chemisorbed pyridine shows differences in the relative positions of
the high-lying levels. Namely, the low-coverage phase does not show the
7, level which can be shifted to lower energies for a m-bonded species [21]
so as to overlap with the o.,"n" and o levels. For higher coverages after
the phase transformation, the =, level is observed and the level having
nitrogen-lone-pair character (o.,'"'n") is perturbed and shifted to lower

binding energies. This level is expected to shift if the high-lying nitrogen-

lone-pair orbital becomes involved in bonding [22,23].

In Fig.4a and b, we schematically show the bonding orientation of
chemisorbed pyridine at low and high coverages and propose a brief pheno-
menological description of the phase transformation. At low coverages
pyridine bonds through the w-orbitals where an additional interaction of the
surface via the nitrogen-lone-pair orbital may account for the small initial
inclination. As this m-bonded phase approaches saturation coverage, we
find that the sticking coefficient drops to almost half its initial value (as
determined from UPS versus exposure data) and retains this value even
when condensation occurs. Although we see no LEED patterns for any
stage of chemisorption [24], a dramatic increase occurs in the electron
reflectivity nearing completion of the m-bonded phase. Such phenomena in
EELS is generally observed when well-ordered superstructures form
[25,26]. We thus believe that a nearly-ideal close-packed ordered array of
w-bonded pyridine occurs; and assuming a close-packed but commensurate
pyridine monolayer, we estimate it to have a packing density of 3 x 104

molecules/cm2. Continued exposure allows additional molecules to squeeze

B U —

L
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into defects or irregularities in the pyridine overlayer causing adjacent
domains of molecules to become inclined. The resulting increased packing
density produces more space on the surface and allows for island growth of
this compressed structure. From the relative coverages determined by UPS,
we estimate a density of 5 x 10!4 molecules/cm? for this compressed phase
prior to condensation. This compressional phase transformation is also
reversible, and from thermal desorption results, we estimate that it is ~ 2

kcal/mode less strongly bound to the surface than the w-bonded phase.

Although we find wm-bonded pyridine to be more strongly bound to
Ag(111) than nitrogen-lone-pair bonded pyridine, the latter becomes
preferred in the compressed phase. The loss of binding energy upon
reorientation of w-bonded pyridine can be regained from intermolecular
interactions. Given the aforementioned relative packing densities and our
determined angle of inclination for the compressed phase, an attractive
7;-nitrogen-lone-pair interaction may occur (see Fig.4b). Such an interac-
tion is reasonable since these orbitals are nearly degenerate. This interac-
tion also accounts for the determined molecular rotation since the 7, orbital
phasing [19] is such as to allow only one side of the molecule to interact

with the nitrogen-lone-pair orbital of an adjacent molecule.

In summary, we present evidence that pyridine #-bonds to the Ag(111)
surface until it goes through a compressional phase transformation where it

then bonds to the surface via the nitrogen-lone-pair orbital.
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: TABLE I. Assignment of the observed vibrations for pyridine on Ag(111) p
L h5-9yzidine ds-Pyridine Sym. Mode
! : 10,11 . .1.10,11 No. o
on Ag(111) } IR(liguid) on Ag(111) IR(liquid) i
v v A v v A vp12
% !
200 --- - - - (175) - - -—- 82 PM
400 405 .55 365 37 .06 B, 27
610 605 .63 560 582 1.77 a, 10
705 700 1.39 525 530 .52 B, 26
- - - T -- - 700 - - - B 26 + M "
est 990 992 .99 965 962 .52 A1 9
1040 1030 1.02 || 1020 1006 .05 A, 8
1068 .51 820 823 : a, 7 .
.79
942 <.02 823 B, 23 f
1218 .42 n-obs. 886 .11 Ay 6
1220 1218 .42 908 <.02 B, 16
1440 1439 1.71 || 1305 1301 1.77 3, 14
1482 .71 1340 <.02 A, 5
1570 {1572 1.56 || 1540 { 1542 1.43 B, 13
1583 .87 1530 1.20 2, T
3036} (2285 L45* B, 12
'y
3036 2254 .68 A, 3 ‘
]
*
3040 3055} 63 || 2280 { 2293 .45 A, 1
3055 2270 U6 A1 2
3083 .56 L 2290 Lu5*
n-obs. 11u8 .45 || n-obs. 887 L1
n-obs. 749 1.30 n-obs. 567 <.02

* Overlapping bands.
L Pyridine-metal-stxetching frequency
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Figure Captions

Fig.1. Vibrational loss spectra for 0.4 L (solid line) and 0.8 L (dotted line)

Fig.2.

Fig.3.

Fig.4.

exposures of ds-pyridine to Ag(111). (The dashed line under the
0.6 L exposure spectra shows the spectrometer background signal at
these magnifications). The IR-absorbances are compared to the
loss spectra where we have shown all absorbances within 1% of the
largest value [10,11]. (The absorbances denoted by * have been
reduced by 1/3).

Vibrational loss spectra for pyridine between 350-1500 cm-! as a
function of exposure. The spectra shown at 2 x 10-7 Torr ambient
pressures of pyridine corresponds to the onset of condensation, and

the formation of the first physisorbed layer.

UV Photoemission difference spectra (hy=21.2 eV)(a) between the
clean Ag(l11l) surface and a 0.35 L exposure to pyridine (the
w-bonded phase) and (b) between a 0.52 L and 1.0 L exposure to
pyridine (the nitrogen lone-pair bonded phase. A high exposure
spectra for condensed (randomized) pyridine is shown in (¢) which
is compared to the gas phase ionization spectra [18]. All gaseous
ionization features are derived from single orbitals except the sec-

ond lowest feature which is derived from two orbitals [20].

Schematic diagram of the orientation and bonding of (a) the low
coverage (< 0.4 L exposure) phase and (b) the high coverage (>
0.5 L exposure) compressional phase. Discrete bonding sites for
pyridine on Ag(111) as well as pyridine’s hydrogen atoms are not
shown. In (b), the two molecules shown lie slightly below (right)

and above (left) the plane of the page.
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